Biomass burning impacts biogeochemical cycling, vegetation dynamics and climate. 2 However, interactions between fire, climate and vegetation are not well understood and therefore 3 studies have attempted to reconstruct fire and vegetation history under different climatic conditions 4 using sedimentary archives. Here we focus on levoglucosan, a thermal by-product of cellulose 5 generated during biomass burning, and, therefore, a potential fire biomarker in the marine 6 sedimentary archive. However, before levoglucosan can be applied as a biomass burning proxy in 7 marine sediments, there is a need for studies on how levoglucosan is transported to the marine 8 environment, how it is reflecting biomass burning on continents, as well as the fate of levoglucosan 9 in the marine water column and during deposition in marine sediments. Here we present analyses 10 of levoglucosan, using an improved Ultra High Pressure Liquid Chromatography-Electro Spray 11
northwestern Africa. However, close to South America levoglucosan concentrations appear to be 23 affected by riverine transport from the Amazon River. In surface sediments close to South America, 24 levoglucosan concentration is higher than in the middle of the Atlantic Ocean, implying that here 25 the influence from the South American continent is important and perennial. Our study provides 26 evidence that degradation of levoglucosan during settling in the marine water column is not 27 substantial, but is substantial at the sediment-water interface. Nevertheless, levoglucosan was 28 detected in all surface sediments throughout the tropical North Atlantic, indicating its presence in 29
The 14 glass fiber filters used to collect aerosols were cut into small (~0.5 by 0.5 cm) pieces 141 before extraction. The collected sinking particulate matter and the surface (0-1 cm) sediment was 142 freeze-dried and homogenized. All samples were ultrasonically extracted (5x) with 143 dichloromethane (DCM):methanol (MeOH) (2:1, v:v) and subsequently passed over a small 144 Na2SO4 Pasteur pipette column with DCM. Deuterated (D7) levoglucosan (C6H3D7O5; dLVG, from 145
Cambridge Isotope Laboratories, Inc.) was added in quantities ranging from 0.25 to 100 ng as an 146 internal standard to quantify levoglucosan and its isomers mannosan and galactosan, after which 147 they were dried under N2. All extracts were re-dissolved in acetonitrile:H2O (95:5, v:v) and filtered 148 using a polytetrafluoroethylene (PTFE) filter (0.45 μm) before analysis. 149 150
UHPLC-ESI/HRMS analysis of levoglucosan and its isomers 151
We adapted the HPLC-ESI/MS 
Results 175

Analytical method development for analysis of levoglucosan and its isomers 176
Levoglucosan and its isomers were analyzed using a UHPLC-ESI/HRMS method, adapted 177 from the HPLC-ESI/MS 2 method of Hopmans et al. (2013) , with deuterated levoglucosan (dLVG) 178 as internal standard. We used two BEH amide columns in series, which resulted in improvement 179 of separation of galactosan and mannosan to a chromatographic resolution of 1.0 and a retention 180 time of 9.9 min for levoglucosan (Fig. 2) . Response curves resulting from injections of 5 to 5000 181 pg on column for levoglucosan and its isomers showed a linear behavior with R 2 > 0.99 for all of 182 them. The use of UHPLC/HRMS resulted in improved limit of quantitation as well as limit of 183 detection for levoglucosan, i.e. 5 pg on column (S/N ~3). 184
Atmosphere 186
Levoglucosan was detected in all air filters, but mannosan or galactosan were not detected. 187
The concentration of levoglucosan measured in air on the 12°N transect varies between 0.05 and 188
1.21 pg m -3 and shows highest values around 30°W and around 45-50°W (Fig. 3) at M1, M2 and M4, respectively (Fig. 5E) . At location M1, closest to the African continent, there 207 is a peak levoglucosan flux in February/March of 2013 (Fig. 5A) , which is also visible in the 208 levoglucosan concentration, although less pronounced (Fig. 5E) . At the open ocean location M2 209 the levoglucosan peak flux in February/March is visible, but less pronounced than at location M1 210 (Fig. 5A) , while the peak is not visible in the levoglucosan concentration (Fig. 5E ). (Fig. 6A) . For 218 the levoglucosan concentration in sinking particles we find similar values in the lower and upper 219 sediment trap at both locations (Fig. 6E) . 220 221
Surface sediments 222
Levoglucosan was detected in all surface sediments studied. Mannosan and galactosan were 223 only present in trace amounts at location M1, and will not be discussed further. Levoglucosan 224 concentrations vary between 0.19 and 1.52 ng g -1 sediment (Fig. 7) . From 22°W to 49°W there is 225 no clear trend in concentration with longitude. However, at the location closest to South America, 226 the levoglucosan concentration is significantly (p<0.05) higher at 1.52 ng g -1 sediment compared 227 to surface sediment located more eastward (Fig. 7) . high relative humidity and to unique properties of rice straw smoke and the specific burning 279 practices of rice fields. This illustrates that levoglucosan is present in a wide range of aerosols 280 particle sizes and that its abundance in the different aerosol particle fractions is depending on local 281
conditions. 282
The highest levoglucosan concentrations were found around 30°W and around 45-50°W, 283
and there is no decreasing trend with longitude ( will require mineral ballast in order to have sufficient density to settle down the water column. This 315 is in contrast with long chain n-alkanes, which are associated with mineral dust particles (Schreuder 316 et al., 2018), which probably act as a heavier ballast than the fine-grained particles with which 317 levoglucosan is associated. Therefore, the fluxes of levoglucosan in the marine water column are 318 likely mainly determined by total mass fluxes, i.e. biogenic particle productions, rather than the 319 atmospheric particle fluxes. 320 321
Levoglucosan in sinking particles across the tropical North Atlantic 322
The highest levoglucosan flux in particles settling through the ocean at 1200 m water depth 323 was found at location M1, close to the African continent (Fig. 5A) , likely due to the fact that the 324 highest total mass flux is also observed at this location ( Fig. 5B ; Korte et al., 2017) . Interestingly, 325 levoglucosan flux is highest during February/March, when total mass fluxes were also highest. 326
However, it also coincides with the fire season in northwestern Africa, which is during the dry 327 season, usually from November until February (e.g. Cooke et al., 1996) . In fact, in the year of 328 particle collection, fire intensity in northwestern Africa was highest during December, January and 329 February (Fig. 8) . To remove the impact of mineral ballast on the temporal pattern of levoglucosan, 330
we plotted the concentration of levoglucosan in sinking particles rather than the levoglucosan flux 331 (Fig. 5E ). This also revealed highest concentrations in February/March, although less pronounced, 332
and an overall higher concentration during winter compared to summer, implying that levoglucosan 333 in sinking particles at 1200 m water depth also reflects the fire season in the northwestern part of 334 the African continent. However, there seems to be a time lag of about one month between the fire 335 season on the continent and the peak in levoglucosan concentration in the sinking particles at 1200 336 m water depth, which could be assigned to the transport time from source (continental fire) to sink 337 (1200 m water depth, 800 km offshore Northwestern Africa). Dust-laden air usually crosses theNorth Atlantic Ocean in about five to six days (Prospero, 1990) , suggesting that the atmospheric 339 transport of levoglucosan from the biomass burning plume to the surface waters at location M1 340 would take at most a few days. Korte February/March detected at location M1 is also detected at location M2 in the levoglucosan flux 349 (Fig. 5A ), but not in the concentration (Fig. 5E) , implying that at this location, the peak in 350 levoglucosan flux is mainly caused by a mineral ballast effect associated with sinking particles in 351 the water column. Overall, the levoglucosan concentration, as well as the total mass flux, the 352 lithogenic flux and the long chain n-alkane flux were all found to be relatively invariable over the 353 year at this location. The low values and seasonal variability in settling particles are expected here 354 because of its remote location away from the continents, where the continental signal is likely to 355 be more diluted and productivity is relatively low. 356
At location M4, close to the South American continent, levoglucosan concentration in 357 marine sinking particles is higher than at location M1 and M2 (Fig. 5E) , and shows a similar pattern 358 as the levoglucosan flux (Fig. 5A ). This indicates that here, the levoglucosan flux is not as strongly 359 impacted by a mineral ballast effect as at location M2, which is also apparent from the lower 360 correlation between levoglucosan flux and total mass flux at this location (R 2 =0.24). Seasonal 361 variability in levoglucosan concentration is higher than observed at location M2, but the seasonal 362 peaks in concentration are at different times than at location M1 (Fig. 5E) , i.e. in November and 363 January, and also around June and September. This implies that levoglucosan emitted during 364 seasonal burning in northwestern Africa is present only in minor amounts, and that there must be 365 an additional source of levoglucosan in sinking particles at this location. Atmospheric transport of 366 levoglucosan to location M4 could be derived from the South American continent, from the 367 southern Amazon, where burning takes place during the dry season usually from July to October, 368 or from the more northern parts of the continent, where biomass burning usually occurs from 369
December to May (e.g. Duncan et al., 2003) . In fact, in the year of particle collection, fire intensity 370 in the southern part of South America was highest from August to October and in the northern parts 371 of the continent burning was most intense from January to April (Fig. 8) 
Levoglucosan in surface sediments across the tropical North Atlantic 392
The concentration of levoglucosan in surface sediments at location M1 is 0.80 ng g -1 (Fig.  393 7), which is higher than levoglucosan concentrations found in a marine sediment core in the Murray 394
Canyon area, offshore southeast Australia, where an average concentration of 0.025 ng g (Fig. 7) , implying that on a longer time-scale both locations 403 receive the same amount of levoglucosan. This could be assigned to yearly variability in the amount 404 of levoglucosan transported to the open ocean related to the extent and severity of biomass burning 405 plumes on the continents, and that in the year of sampling the sinking particulate matter, 406 levoglucosan was transported to this open ocean location in small amounts. Perhaps, more 407 levoglucosan is transported as far as location M2 in other years, which could be possible as 408 levoglucosan is usually associated with small particles that can be transported over large distances. 409
At location M4, similar levoglucosan concentrations as at location M1 and M2 were found in the 410 surface sediment (Fig. 7) . This indicates that, while levoglucosan was transported to location M4 411 in higher amounts than to location M1 or M2 in the year of sampling the marine particulate matter 412 in the sediment traps, this is not necessarily the case every year. However, in surface sediments 413 located further west of location M4, closer to the South American coast, levoglucosan 414 concentration is significantly (p<0.05) higher (Fig. 7) . This implies that in the westernmost part of 415 the transect, the additional input from South America is more important and perennial than at 416 location M4. This is supported by the δ 
Depositional preservation of levoglucosan 421
To investigate the preservation of levoglucosan in the tropical North Atlantic, while settling 422 through the water column, levoglucosan fluxes in the upper (1200 m water depth) and lower (3500 423 m water depth) sediment traps at location M2 and M4 were compared (Fig. 6A) . At location M2, 424 the levoglucosan flux is higher in the lower trap compared to the upper trap (Fig. 6A) , and the same 425 at location M4. Since we found that levoglucosan flux is mainly determined by total mass fluxes, 436
we also compared levoglucosan concentrations in the upper and lower sediment traps at location 437 M2 and M4 (Fig. 6E) . At both locations, levoglucosan concentration is similar in the lower and the 438 upper sediment traps, which implies that levoglucosan degradation in the water column is not 439 substantial. This is in contrast with a study by Norwood et al. (2013) , who have shown that 440 levoglucosan is quickly degraded in water. Possibly, the adsorption of levoglucosan to marine 441 biogenic particles has resulted in protection from biodegradation during transport through the 442 marine water column, like has been observed for other labile materials when associated with 443 minerals (e.g. Hedges et al., 1997). Therefore, it seems that adsorption of levoglucosan to biogenic 444 particles is important for preservation of levoglucosan when transported through the water column. 445
To gain further insight into preservation of the levoglucosan signal during deposition in 446 marine sediments, flux-weighted average levoglucosan concentrations in particles settling through 447 the ocean were compared with those of surface sediments at the same locations (Fig. 7) . Theconcentration of levoglucosan in the surface sediments is approximately two orders of magnitude 449 lower than in the particles settling through the water column (Fig. 7) , indicating that whereas 450 degradation apparently did not play a major role in the marine water column, degradation in marine 451 sediments is substantial. This is in contrast with long chain n-alkanes, which do not show any 452 substantial degradation in the same sediments (Schreuder et al., 2018) . This is not unexpected as 453 sugars are generally thought to be more labile than n-alkanes (e.g. Prahl et al., 1997) To account for higher levoglucosan input into marine sediment associated with overall 460 increased terrestrial input, and not necessarily associated with increased biomass burning activity 461 on land, a ratio of levoglucosan and organic carbon has been used in aerosols (e.g. Puxbaum et al., 462 2007) . Similarly, and more specific for terrestrial vegetation input, a ratio between long chain n-463 alkanes and levoglucosan could be used to account for increased terrestrial vegetation input into 464 marine sediments. However, our results suggest that such a ratio is not useful, as differences in 465 degradation rates as well as transport modes between the two components are large. Therefore, we 466 hypothesize that in order to reconstruct past vegetation fires, absolute concentrations of 467 levoglucosan should be used provided that preservational conditions did not change substantially. 468
When preservational conditions change, e.g. by changes in oxic/anoxic conditions in the sediment, 469 then the levoglucosan record could be biased. Also, changes in wind strength and direction could 470 result in increased or decreased levoglucosan transport to the marine environment. Therefore, we 471 suggest that in order to use levoglucosan as a biomass burning proxy in marine sediments on longer 472 (geological) times scales, a multi-proxy study is needed to get a better understanding of the factors 473 influencing the levoglucosan record. 474 475
Conclusions 476
Using an improved UHPLC-ESI/HRMS method, levoglucosan was detected in atmospheric 477 particles, in particles settling through the ocean and in surface sediments along a longitudinal 478 transect at 12°N in the tropical North Atlantic Ocean. Levoglucosan concentration in the 479 atmosphere was unusually low, possibly due to the sampled particle size, the source area of the 480 aerosols, or the short time interval of sampling. In sinking particles in the tropical North Atlantic 481
Ocean we find that levoglucosan deposition is influenced by a mineral ballast effect associated with 482 marine biogenic particles, and that levoglucosan is not transported in association with mineral dust 
